Introduction
The behavior of gravity waves is very important in understanding the dynamical processes in the middle atmosphere, since they transport energy and momentum from the lower atmosphere to the mesopause region, where dissipating and saturating gravity waves release their energy and momentum [e.g., Lindzen, 1981; Matsuno, 1982; Fritts and Rastogi, 1985] . Fundamental mechanisms involved in these processes were clarified by observations using various remote-sensing and in situ measurement techniques [e.g., Fritts, 1984] .
Spectral analyses of gravity waves in terms of frequency and vertical wavenumber have been applied to radar observations at various locations [Carter and Balsley, 1982 theoretical works [Tsuda et al., 1990 ]. However, we still have little knowledge as to where these mesospheric gravity waves are excited and how they propagate up to this region.
The latitudinal variations of the gravity wave energy and momentum give us important information to help clarify the source and propagation directions of the mesospheric gravity waves. A detailed comparison of the mesospheric gravity waves with 10-100 min periods has been carried out between observations of the Saskatoon MF radar and the MU radar, Kyoto [Nakamura et al., 1993a] , and very similar seasonal variations (semiannual) were found at both radar site. Also, the gravity waves have been compared for two campaign periods between Adelaide MF radar and the MU radar, Kyoto, finding a similar amplitude of gravity waves at the geophysically conjugate sites, but that the horizontal propagation directions were different between them [Nakamura et al., 1993b] . Tsuda et al. [1994] have summarized these observations with other observation techniques such as Rayleigh lidars, radiosondes, and rocketsondes in the stratosphere and mesosphere and suggested the stronger activity of gravity waves is in the lower latitude regions. This paper is devoted to the extension of the previous comparison between Adelaide and Kyoto and that between Saskatoon and Kyoto [Nakamura et al., 1993a, b] by MF and MST radar observations. The gravity waves with 10 min to 8 hours are compared among the three stations to obtain variation over a 12-month year, in order to investigate how the results from Table I shows the observation periods for the comparison in this study. In order to obtain the seasonal variations of the gravity waves ranging from 10 min to 8 hours, observation databases with good time resolution and large samples of data are necessary. The Saskatoon MF radar has been working with a data-sampling resolution of 5 rain [Manson and Meek, 1993] the amount of data and the quality of the monthly means. Time resolutions for these observation years were 2.5 min and better than that for 1989 (3.5 min), which is useful to obtain the higher-frequency component of gravity waves. For all data sets, a frequency spectrum at each height is calculated by the Fourier transform of the autocorrelation function of the time series of the wind velocities in the daytime, with zero weighting for the data gaps [Nakamura et al., 1993a] . In order to align the data quality for the three radars, we degraded the data in two ways. First, the MU radar data with 0.6-km resolution has been averaged over 3 km. Second, only daytime data, and data between 67 and 80 km, are used for the analyses of the three radars because the MU radar can obtain significant echo power only in these height and time ranges. [Royrvik, 1983] , and random noise due to the measurement accuracy in determining horizontal wind velocities for Kyoto data. There is also a possibility that data gaps may have enhanced the high-frequency variances. Thus these possible contaminations should be carefully considered when we look at the plots in the following parts of this paper.
Observation and Analysis
It is clear in Figure I The primary peak of the variance, that is, the maximum in a year, changed with frequency bands and locations. In Saskatoon, the maximum variance in a year occurred in summer for the short period component (1 hour to 30 min), with a secondary winter peak; which has already been reported by Nakamura et al. [1993a] . However, the long-period component (2-8 hours) showed a maximum in winter and the secondary peak in summer. On the contrary, the variances at Kyoto had a maximum in summer for all the period range, and secondary peak in winter. The variance at Adelaide has comparable peaks in summer (January) and in winter (June) for long-period component (2-8 hours), but the short-period component (2 hours to 30 min) showed a winter maximum and a summer secondary peak.
The frequency dependency of the season of the gravity wave maximum by the Saskatoon MF radar is reported by Gavrilov et el. [1995] . They showed at 60-100 km altitudes annual variation is dominant for low-frequency gravity waves and the semiannual variation becomes strong for high-frequency gravity waves. In our study the height range was lower (67-80 km) and the semiannual variation was more significantly observed. This is consistent with Manson and Meek J1993] also. The diffcrences in thc scasonal variations of the wave variances betwccn the different frequencies is probably duc to the difference in thc horizontal phase velocities of the gravity waves in diffcrcnt frequencies. The differences among the radar sites suggest diffcrcnccs in the propagation direction of the gravity waves, and pcrhaps sourccs, among the three sites.
Next, we compare the variance among the three locations. [Nakamura et al., 1993b] showed that the gravity waves at Kyoto and Adelaide were of similar intensity, but those at Saskatoon were smaller than those in Kyoto. Our present study has confirmed that these characteristics are true for the period range (10 min to 8 hours) and in the yearly average. Thus our result supports the suggestion by Tsuda et al. [1994] , that is, gravity wave activity is larger in the lower-latitude regions. This reversal of the zonal flux for the high-frequency component was also reported by Nakamura et al. [1993c] in June, July, and October. The gravity waves with the horizontal phase velocity parallel and antiparallel to the mean wind have Doppler frequency shifts which makes the observed frequency higher and lower than the intrinsic frequency, respectively. This Doppler shift can change the upper limit of gravity wave observed frequency, which is the Brunt-V•iis•il•i frequency in case of no mean wind, to be smaller and larger for antiparallel and parallel gravity waves, respectively. Thus the gravity wave spectrum in high frequencies is likely to be slightly suppressed and enhanced for antiparallel and parallel gravity waves, which can make the net momentum flux in high frequencies to be parallel to the strong mean wind.
The meridional flux in Figure 4 showed weak positive (northward) flux in general but some fluctuation with time and frequency. Especially, the momentum flux was almost always northward at periods longer than 1 hour. Tsuda et al. [1990] showed that the meridional momentum flux is fluctuating be- It is clear that at Saskatoon the shorter (<2 hours) and the longer-period components showed preferential meridional and zonal directions, respectively3 except that in equinoctial months such as April and September, both were zonal. This is similar to Gavrilov et al. [1995] and Manson and Meek [1993] . However, the contours of Adelaide and Kyoto showed quite different patterns. That is, the preferential directions did not vary consistently with frequency, but the directional change with time was more frequent. At Kyoto, from May to June, in September, and from December to February the preferential direction was meridional (quite similar to Saskatoon at high frequency). However, at Adelaide meridional direction was dominant in July to August, October to January, and March to April. However, adjusting to seasons (+6 months), there are distinct similarities between the northern and southern hemispheres, with some differences in early winter (NovemberDecember in NH, May-June in SH) and in late summer (JulyAugust in NH, January-February in SH). Although the preferential direction at Kyoto indicates less significant frequency dependence, it still has some variation with frequency from October to January, when the winter westward wind is very strong (up to 70 m/s at 70 km) [Nakamura et al., 1996] , that is, the shorter-(< I hour) and longer-period waves correspond to zonal and meridional directions. This characteristic further seems to correspond to the frequency dependency of momentum flux in December and January, as shown in [Eckermann, 1992 [Eckermann, , 1995 . The refraction of the gravity waves by the meridional gradient of mean wind [Eckermann, 1992] and variations of vertical temperature structure [Eckermann, 1995] have been found to generate some characteristics of observed seasonal and latitudinal variations of gravity waves in the stratosphere, despite the assumption of lack of the source variations. More observations and analyses, especially observations including the lower altitudes, will be needed to ascertain whether the latitudinal variation of the gravity waves observed in this paper is due to the source variation with latitudes (and longitudes) or due to the background conditions for wave propagation. Finally, in this paper the observation periods for three locations are chosen in different years. This is mainly because we tried to obtain data sets with high resolutions and good data quality for each observation site in order to analyze both highand low-frequency gravity waves. Although Gavrilov et al. [1995] showed gravity wave activity of the frequency and height ranges studied in this paper does not show significant interannual variations at Saskatoon, further comparisons using same observation periods and more locations will be desirable in a future study.
